The use of a continuous Percoll gradient in a procedure for the rapid isolation of bacteroidcontaining vesicles from French bean nodules is described. The purified vesicles appeared to be free from contamination by naked bacteroids and plant mitochondria and suitable for physiological studies. The metabolite uptake activities of vesicles isolated by this method were compared with those of free bacteroids. Succinate was transported through both peribacteroid and bacteroid membranes: the K , values were 320 p .~ and 57 p~, respectively. For glucose K , values were 142 p .~ for the peribacteroid membrane and 102 p .~ for the bacteroid membrane, indicating that glucose could act as an energy-yielding substrate in functioning nodules. Experiments with inhibitors showed the involvement of ATPases in these transport processes and suggested that a proton-motive force was probably associated with them. The regulatory role of the peribacteroid membrane in the movement of the metabolites from the plant cytosol to bacteroids was demonstrated by its impermeability to glutamate, aspartate, citrate and benzoate.
INTRODUCTION
The Rhizobium-legume symbiosis involves a high degree of interaction between the two partners. For instance, the microbial symbionts provide fixed nitrogen in exchange for carbon compounds from the host. Within the infected cells, the bacteroids are enclosed in a membrane of plant origin, the peribacteroid membrane (Bergersen, 1982; Brewin et al., 1985) . Since the entire traffic of carbon and nitrogen compounds between the host and bacteroids must cross the peribacteroid membrane, this structure is likely to play an important role in the regulation of nutrient exchanges between the plant and the microbial partner. The cytosol of nodules contains variable concentrations of various metabolites including carbohydrates, organic and amino acids ; some of these molecules have been shown to support nitrogen fixation in isolated bacteroids (Bergersen & Turner, 1975; Trinchant et al., 1981 ; Salminen & Streeter, 1987) . However, the possibility that these metabolites contribute significantly to the energy requirement of bacteroids in uiuo depends, initially, on the rates at which they cross the peribacteroid membrane. Little is known about the transport characteristics of different substrates through the peribacteroid membrane. Blumwald et al. (1985) described a hostplasma-membrane-type H+-ATPase in this membrane, capable of transporting H+ into the peribacteroid space, and Udvardi et al. (1988) demonstrated that the peribacteroid membrane possesses a dicarboxylate transporter capable of mediating a rapid flux of dicarboxylate anions to the bacteroids inside the nodules.
The existing procedures (Verma et al., 1978; Bergersen & Appleby, 1981) for isolation of peribacteroid envelopes gave, in our hands, a poor yield of intact material or appeared to take too long for further metabolic experiments. Thus, we have developed a procedure for isolating Electron microscopy. Immediately after preparation, bacteroid-containing vesicles were fixed in 2.75 % (w/v) -glutaraldehyde, 3 mM-CaC12, 0.3 M-sodium cacodylate buffer (pH 7.2) and postfixed with 1 % (w/v) OsO, in the same buffer. Samples were dehydrated through a graded ethanol series (25 to loo%, v/v) and washed twice with propylene oxide before infiltration under vacuum in a graded Epon's resin. Ultrathin sections were stained in 7% (w/v) uranyl acetate in methanol and in 3.52% (w/v) lead citrate and observed on a CM12 Philips electron microscope.
RESULTS

Isolation of bacteroid-containing vesicles
The experimental procedure described above allowed the isolation of purified bacteroidcontaining vesicles. It appeared to be reproducible and rapid since only 100 min were needed to obtain purified vesicles from freshly harvested nodules. The degree of purity of the preparations was monitored by electron microscopy of fixed and embedded material ( Fig. 1 ). Contamination by free bacteroids was very low (less than 5 % of the total bacteroids) and the use of continuous Percoll gradients resulted in preparations that were free from mitochondria. The vesicles contained between four and six bacteroids when isolated from 3-4-week-old nodules (Fig. 1) . Abundant poly-P-hydroxybutyrate granules, characteristic of bacteroids from nodules belonging to the legume tribe Phaseolae (Bergersen, 1982) , were clearly visible in the microsymbionts. 
Kinetic parameters for the transport of energy-yielding substrates across the peribacteroid and the bacteroid membranes
Values f SE were obtained from Lineweaver-Burk plots of the data of Fig. 2 . ND, Uptake not detectable. Carboxylate uptake Uptake of the dicarboxylate succinate, an efficient substrate for supporting nitrogen fixation, was studied with bacteroid-containing vesicles and with free bacteroids. In both cases, uptake proceeded linearly with time for at least 5 min. In the presence of increasing concentrations of succinate, 3 min uptake plots gave rise to saturation curves ( Fig. 2a) ; the corresponding kinetic parameters are given in Table 1 . The vesicles exhibited a lower affinity ( K , = 320 p~) for succinate than did the bacteroids (K, = 57 p~) .
Vesicles Bacteroids
In contrast, values of Vwere of the same order of magnitude. When malate was used as a substrate the K , values differed in the same way as for succinate (data not shown).
Of the mono-and tricarboxylates present in soybean cytosol , benzoate and citrate are the most abundant. Under our conditions, neither intact vesicles nor free bacteroids exhibited a measurable uptake of these two carboxylates. Glucose and glutamate uptake
This was investigated under the conditions described above for dicarboxylate uptake. Glucose uptake was a saturable function of substrate concentration for both systems under study ( Fig. 26 ). For bacteroids, V was twofold greater than for vesicles but the K , values (102 p~ and 142 p~, respectively) for the two systems were only slightly different (Table 1) .
A low uptake of glutamate with a saturation profile was noticed with naked bacteroids (Fig. 2c) . In contrast, very poor uptake was obtained with intact vesicles (Fig. 2c) : it must be noted that a 5% contamination by free bacteroids could explain this low transport activity. Similar results were observed with aspartate (Table 1) .
Experiments with inhibitors
To distinguish between the transport activities of the peribacteroid and bacteroid membranes and to obtain further information on both systems, succinate and glucose uptake was studied in the presence of various inhibitors. In both cases, 5 mM-azide strongly inhibited uptake by bacteroids and vesicles (Fig. 3a) . Similar results were obtained with 1 mhl-cyanide (data not shown). Arsenate (10 mM), acting as an organic-phosphate analogue, caused a 50 to 80% inhibition in each case (Fig. 36 ). However, DCCD, (260 p~) , which is usually considered to be an ATPase inhibitor, was always without effect under our experimental conditions (Fig. 3 c) .
Vanadate, which is generally considered to be a plasma-membrane ATPase inhibitor, and CCCP, a proton ionophore, gave different effects on succinate and glucose uptake. In the case of succinate, 10 p~-C C C P inhibited bacteroid and vesicle transport to the same extent, whereas 500 pwvanadate was active only on uptake by the vesicles (Fig. 3d, e) . In addition, CCCP and vanadate inhibited glucose uptake by 70% in bacteroids but by only 20% inhibition in vesicles (Fig. 3d, e ). Fig. 3 . Effect of inhibitor concentrations on succinate (400 p~) uptake by intact vesicles ( 0 ) or naked bacteroids (H) and on glucose (300 p~) uptake by intact vesicles (0) or naked bacteroids (0). (a) azide; (b) arsenate; (c) DCCD; (d) vanadate; (e) CCCP. Data points are means of results for at least four independent preparations. The 100% values were as follows: with succinate, 2.4 nmol min-' (mg protein)-' for intact vesicles and 4.3 nmol min-l (mg protein)-' for naked bacteroids; with glucose, 1-1 nmol min-' (mg protein)-' for intact vesicles and 2.5 nmol min-' (mg protein)-' for naked bacteroids.
DISCUSSION
The purification procedure described in this paper appears to be suitable for the preparation of intact vesicles that can be used for uptake measurements. The advantage of our technique lies mainly in the absence of mitochondria1 contamination. By comparison, the use of discontinuous Percoll gradients (Udvardi et al., 1988) always led, in our hands, to preparations contaminated by these plant organelles.
The results reported above indicate the existence of dicarboxylate transport activities located on both the peribacteroid and bacteroid membranes of nodules from Phaseolus. The K , values found either with the vesicles or with the bacteroids are similar to those reported by Udvardi et al. (1988) for soybean nodules, pointing to an homology between nodules of both origins. The different K , values for bacteroids and for vesicles strongly suggest the existence of distinct
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transport activities on the two membranes. This is further demonstrated by the differential inhibition obtained with vanadate, an inhibitor of plasma-membrane ATPases, which has also been shown to inhibit the peribacteroid-membrane ATPase of lupin-root nodules (Domigan et al., 1988) . In addition, Dcmigan et al. (1988) showed that this peribacteroid-membrane activity was insensitive to DCCD in the presence of Mg2+ : this can explain the absence of any effect of this inhibitor on succinate uptake by our vesicle preparations, which were always enriched with Mg2+. The effect of azide is probably due to inhibition of the respiratory chain of the microbial symbionts, thus impeding bacteroid transport and, consequently, any significant uptake by the intact vesicles. The action of arsenate confirms the involvement of ATPases in these transport processes. Furthermore, the influence of CCCP, which lowers the proton gradient, indicates that a proton-motive force is probably associated with these processes. It must be noted that, in contrast with the report of Udvardi et al. (1988) , no inhibition of dicarboxylate uptake by the intact vesicles with a-cyano-4-hydroxycinnamic acid was observed under our conditions. Since this compound is known to inhibit dicarboxylate transport through the mitochondria1 membrane (Douce, 1985) , this result clearly shows (i) the absence of contaminating mitochondria in our preparations, and (ii) the differences in behaviour between the dicarboxylate transport activities of vesicles and mitochondria.
An interesting feature of this study cancerns the existence of a glucose transport activity on the bacteroid membrane, reported here for the first time. This is clearly demonstrated by the saturation profile ( Fig. 2b) and by the effects of several inhibitors (azide, cyanide, arsenate and DCCD) which have a similar effect on the succinate transport activity of bacteroids, thus indicating the possible involvement of a proton-motive force. In spite of its abundance in the nodule cytosol, glucose has often been considered as being poorly oxidized in vivo by bacteroids (Bergersen, 1982; Stowers, 1985) . The possible alteration of the sugar transport system during bacteroid preparation has also been suggested (Hudman & Glenn, 1980) to partly explain the inefficient use of hexoses. The protective role that the vesicles have on bacteroids during the preparation procedure, until their release by a mild osmotic down-shock, might be responsible for maintaining the integrity of the carrier. The availability of glucose in functioning nodules could be favoured by the existence of a glucose transport activity on the peribacteroid membrane, as shown by the data in Fig. 2 ( 4 . Since the experiments were done with a doublecompartment system, the existence of a simple diffusion barrier on the peribacteroid membrane, increasing the K , for a transport activity on the bacteroid membrane, cannot be completely ruled out. However, the differential inhibition observed with vanadate and CCCP suggests the existence of a distinct mechanism on each membrane. In this context, the surprising inhibitory effect of vanadate on glucose uptake by bacteroids needs further investigations.
The carbohydrate and organic acid concentrations in the soybean-nodule cytosol have been estimated . Taking into account the water content of French bean nodules (Pladys et ul., 1988) and postulating uniformity of substrate distribution in the tissues, concentrations can be estimated from these data to be 630 p .~ for succinate and 4.2 mM for glucose. If such concentrations are found in French bean nodules, it would appear from the K , measurements that the glucose and dicarboxylate transport activities on the peribacteroid membrane are saturated in vivo. On the other hand, the similar V values (Table 1) indicate that the two energy-yielding substrates are both available for the bacteroids in the nodules. At a cell concentration of 0-6 mM succinate, the vesicles would appear to take up 2.8 nmol min-l (mg protein)-' ; if these are the rates in vivo, this could constitute a limitation of the dicarboxylate flux to the bacteroids. Furthermore, studies in this laboratory have suggested that glucose supports acetylene reduction efficiently, under low O2 tension, by isolated bacteroids from French bean and soybean (Trinchant et ul., 1981) and from Sesbuniu (Trinchant & Rigaud, 1987) . It would be interesting to investigate, in this way, the effect of low O2 tension on glucose and succinate transport.
The selective permeability of the peribacteroid membrane is underlined by the absence of uptake of mono-and tricarboxylates by the intact vesicles, confirming the difference in behaviour between vesicles and mitochondria. Similarly, vesicles failed to accumulate glutamate and aspartate. However, recent reports indicate the involvement of glutamate in the
